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Polarization-state-dependent attenuation and amplification in a
columnar thin film
Tom G. Mackay1 and Akhlesh Lakhtakia2
Abstract
We numerically investigated the plane-wave reflection–transmission characteristics of a columnar thin
film (CTF) whose columns are made from a dissipative material but whose void regions are filled with
an active material. By computing the reflectances and transmittances, we found that the CTF can
simultaneously amplify s-polarized incident light and attenuate p-polarized incident light, or vice versa.
This polarization-state-dependent attenuation and amplification phenomenon depends upon the angle of
incidence and the thickness of the CTF.
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The advent of nanotechnology and the emergence of metamaterials [1] has allowed composite materials
with exotic optical properties to be realistically contemplated and, in some cases, actually realized. In
particular, theoretical studies have revealed attractive response characteristics associated with composite
materials containing both active and dissipative component materials. While active component materials
have been widely incorporated into various metamaterials in an attempt to combat intrinsic losses [2–5], other
applications of active component materials have cropped up more recently. For example, the homogenization
of a mixture of both active and dissipative spheroidal particles engenders a uniaxial dielectric material that
simultaneously exhibits both amplification and attenuation, depending upon the direction of propagation [6].
In a similar vein, interleaving layers of active and dissipative component materials leads to a birefringent
material which facilitates arbitrary control over polarization states [7]. Homogenization can also lead to an
isotropic chiral material that amplifies left-circularly polarized light but attenuates right-circularly polarized
light (or vice versa) [8]. In this Letter we report on the ability of a columnar thin film (CTF) comprising both
dissipative and active component materials to discriminate between incident light of s and p polarization
states.
A CTF is an array of parallel identical nanocolumns which may be fabricated by oblique-angle physical-
vapor-deposition techniques that include thermal evaporation, electron-beam evaporation, sputtering, and
pulsed-laser deposition [9, 10]. Macroscopically, the optical properties of CTFs are equivalent to those of
certain orthorhombic crystals. CTFs are attractive platforms for applications such as sensing chemical and
biological species [11,12], due to the ability to engineer their macroscopic optical responses via control over
the porosity and the columnar morphology at the fabrication stage.
Consider a CTF with relative permittivity dyadic
ε = S
y
(χ) • εo
ref
• ST
y
(χ), (1)
where the diagonal dyadic
εo
ref
= εa uz uz + εb ux ux + εc uy uy , (2)
signifies macroscopic orthorhombic symmetry [13], while the rotation dyadic
S
y
(χ) = uy uy + (ux ux + uz uz) cosχ
+ (uz ux − ux uz) sinχ (3)
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Figure 1: A schematic representation of reflection–transmission for a CTF.
involves the nanocolumn inclination angle χ ∈ (0, pi/2]. The unit vectors aligned with the Cartesian axes are
represented by the triad
{
ux, uy, uz
}
. The CTF occupies the region between z = 0 and z = L.
Numerical values for the three relative-permittivity parameters εa, εb, and εc can be estimated using a
standard homogenization procedure [10, 14]. To this end, each column of the CTF may be viewed, at the
nanoscopic scale, as a collection of highly elongated ellipsoidal inclusions strung together end-to-end, with
all inclusions having the same orientation and shape. The dyadic
un un + γτ uτ uτ + γb ub ub (4)
specifies the shape of each ellipsoid. Herein the normal, tangential, and binormal basis vectors are specified
in terms of the nanocolumn inclination angle χ per
un = −ux sinχ+ uz cosχ
uτ = ux cosχ+ uz sinχ
ub = −uy
 , (5)
whereas γb > 0 and γτ > 0 are shape factors. The CTF is represented schematically in Fig. 1.
Since the nanocolumnar morphology is highly aciculate, we fixed γτ = 15 and γb = 2, in keeping with
earlier studies [15]. Also the nanocolumns were taken to be made from magnesium monoxide [16] impregnated
with about 0.2% v/v silver nanoparticles. Thus, the refractive index of the columnar material was estimated
as 1.7310 + 0.0086i using the Biot–Arago formula [17], when the free-space wavelength λ0 = 637 nm. The
void regions of the CTF were supposed to be filled with an active material which is taken to be a mixture
of rhodamine 800 and rhodamine 6G. Such a mixture can possess a relative permittivity with imaginary
part in the range (−0.15,−0.02) and real part in the range (1.8, 2.3) across the 440–500-THz frequency
range, depending upon the relative concentrations and the external pumping rate [2]. We took the relative
permittivity of the mixture to be 2− 0.02i for our calculations.
Following the methodology described elsewhere [15], εa, εb, and εc were estimated using the Brugge-
man homogenization formalism [18]. These relative permittivity parameters are plotted against porosity
fv ∈ (0, 1) in Fig. 2. For a narrow range of porosity fv ∈ (0.46, 0.60) the imaginary parts of εa,b,c have
different signs, which indicates that the CTF simultaneously allows attenuation and amplification [6]. For
the remainder of this Letter, we set fv = 0.53 at which εa = 2.4033 − 0.0030i, εb = 2.4665 + 0.0032i, and
εc = 2.43570 + 0.0002i. Also, the nanocolumn inclination angle was fixed at χ = 60
◦.
Now we turn to the reflection–transmission problem for the CTF. Suppose that an incident plane wave
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Figure 2: Real and imaginary parts of the relative permittivity parameters εa (red solid curves), εb (blue
dashed curves), and εc (green broken dashed curves) plotted against porosity fv.
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exists in the vacuous half-space z < 0, as represented by the electric field phasor
Einc =
(
ass+ app+
)
exp {i(2pi/λ0)
× [(x cosψ + y sinψ) sin θ + z cos θ]} , (6)
decomposed into s- and p-polarized components, with
s = −ux sinψ + uy cosψ
p± = ∓
(
ux cosψ + uy sinψ
)
cos θ + uz sin θ
}
. (7)
Whereas θ is the angle of incidence with respect to the z axis, ψ is the angle of incidence with respect to the
x axis in the xy plane. Correspondingly, the reflected plane wave represented by
Eref =
(
rss+ rpp−
)
exp {i(2pi/λ0)
× [(x cosψ + y sinψ) sin θ − z cos θ]} (8)
also exists in the half-space z < 0, and the transmitted plane wave represented by
Etr =
(
tss+ tpp+
)
exp {i(2pi/λ0)
× [(x cosψ + y sinψ) sin θ + (z − L) cos θ]} (9)
exists in the vacuous half-space z > L.
Following a standard procedure [10], the two reflection amplitudes rs,p and the two transmission ampli-
tudes ts,p may be found in terms of the two incidence amplitudes as,p per[
rs
rp
]
=
[
rss rsp
rps rpp
] [
as
ap
]
(10)
and [
ts
tp
]
=
[
tss tsp
tps tpp
] [
as
ap
]
, (11)
wherein the four reflection coefficients rss,sp,ps,pp and the four transmission coefficients tss,sp,ps,pp have been
introduced. The corresponding reflectances are defined as Rsp = |rsp|2 etc., and the corresponding trans-
mittances defined as Tps = |tps|2 etc.
For a wholly dissipative material (i.e., one that does not simultaneously exhibit attenuation and ampli-
fication), it follows from the principle of energy conservation that
Rss +Rps + Tss + Tps < 1
Rpp +Rsp + Tpp + Tsp < 1
}
. (12)
Similarly, for a wholly active material the inequalities (12) are reversed, i.e.,
Rss +Rps + Tss + Tps > 1
Rpp +Rsp + Tpp + Tsp > 1
}
. (13)
All eight remittances were computed for λ0 = 637 nm. When the azimuthal angle ψ = 0
◦, all four cross-
polarized remittances, namely Rsp,ps and Tsp,ps, are null valued. For ψ = 0
◦, the remittance sum Rss + Tss
for s-polarized incident light and the remittance sum Rpp + Tpp for p-polarized incident light are plotted
against the polar angle θ for the CTF thicknesses L ∈ {1, 3, 5} µm in Fig. 3. For all values of the polar angle
θ, we see that Rss + Tss < 1 whereas Rpp + Tpp > 1. Thus, p-polarized incident light is amplified whereas
s-polarized incident light is attenuated inside the CTF.
This difference in the responses to s-polarized incident light and p-polarized incident light is generally
enhanced as the CTF thickness increases. That is, the degree of amplification for p-polarized incident light
4
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Figure 3: The reflectance–transmittance sums Rss + Tss and Rpp + Tpp plotted against θ for ψ = 0
◦, when
L = 1 µm (red solid curves), 3 µm (blue dashed curves), and 5 µm (green broken dashed curves).
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Figure 4: The reflectance–transmittance sums Rss + Rps + Tss + Tps and Rpp + Rsp + Tpp + Tsp plotted
against θ for ψ = 45◦, when L = 1 µm (red solid curves), 3 µm (blue dashed curves), and 5 µm (green
broken dashed curves).
is greater for larger values of L and the degree of attenuation for s-polarized incident light is greater for
larger values of L.
For ψ = 45◦, the remittance sum Rss +Rps + Tss + Tps for s-polarized incident light and the remittance
sum Rpp +Rsp +Tpp +Tsp for p-polarized incident light are plotted against the polar angle θ for thicknesses
L ∈ {1, 3, 5} µm in Fig. 4. The picture here is quite different to that for ψ = 0◦. When ψ = 45◦ and θ < 81◦,
the incident light is amplified regardless of its polarization state, and the degree of amplification generally
increases as the CTF thickness increases. However, p-polarized incident light is attenuated for L = 5 µm but
amplified for smaller values of L when θ > 81◦.
Lastly, we turn to the case where ψ = 90◦, as represented in Fig. 5 wherein the remittance sums
Rss + Rps + Tss + Tps and Rpp + Rsp + Tpp + Tsp are plotted against θ for L ∈ {1, 3, 5} µm. In contrast
to what happens for ψ = 0◦, here s-polarized incident light is generally amplified while p-polarized incident
light is generally attenuated. As in Figs. 4 and 5, the degrees of amplification and attenuation are generally
exaggerated as the CTF thickness increases. However, there are notable exceptions. For example, for a
narrow range of polar angles centered on θ = 76◦, p-polarized incident light is amplified for L = 5 µm but
attenuated for smaller values of L.
The CTF considered in this Letter represents a practicable proposition, with realistic values being cho-
sen for the relative permittivities of the component materials. By combining a dissipative material for the
nanocolumns with an active material to fill the void regions of a CTF, polarization-state-dependent at-
tenuation and amplification may be achieved. Parenthetically, the concept of polarization–state–dependent
attenuation and amplification has previously been described for a nonspecific optical system [19]. In contrast,
the phenomenon described herein concerns a physically-realizable engineered material. These results open
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Figure 5: As Fig. 4 except that ψ = 90◦.
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the door for linear polarizers of a new type.
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